Background: GPCRs may be expressed in a monomer/dimer equilibrium at the plasma membrane. Results: For the dimeric CRF 1 R, we found a constant monomer/dimer equilibrium not only at the plasma membrane but also in the ER. Conclusion: The monomer/dimer equilibrium of the CRF 1 R is established already in the ER. Significance: Our findings shed new light on the monomer/dimer equilibrium of GPCRs and on ER functions. G protein-coupled receptors (GPCRs) represent the most important drug targets. Although the smallest functional unit of a GPCR is a monomer, it became clear in the past decades that the vast majority of the receptors form dimers. Only very recently, however, data were presented that some receptors may in fact be expressed as a mixture of monomers and dimers and that the interaction of the receptor protomers is dynamic. To date, equilibrium measurements were restricted to the plasma membrane due to experimental limitations. We have addressed the question as to where this equilibrium is established for the corticotropin-releasing factor receptor type 1. By developing a novel approach to analyze single molecule fluorescence cross-correlation spectroscopy data for intracellular membrane compartments, we show that the corticotropin-releasing factor receptor type 1 has a specific monomer/dimer equilibrium that is already established in the endoplasmic reticulum (ER). It remains constant at the plasma membrane even following receptor activation. Moreover, we demonstrate for seven additional GPCRs that they are expressed in specific but substantially different monomer/dimer ratios. Although it is well known that proteins may dimerize in the ER in principle, our data show that the ER is also able to establish the specific monomer/dimer ratios of GPCRs, which sheds new light on the functions of this compartment.
The family of GPCRs 3 forms the largest group of transmembrane receptors in the plasma membrane of mammalian cells (1) . Because of the numerous drugs affecting GPCRs, there is a strong interest in understanding their function and signaling. Although it is known that the smallest functional unit of a (prototypical) GPCR is a monomer (2) (3) (4) (5) (6) (7) (8) , it became clear that most of the receptors may form homo-or heterodimers (9 -13) (see Footnote 4 for terminology concerning GPCR dimers and oligomers). In fact, an exclusive expression of a GPCR as a monomer seems to be rare and was experimentally shown only for a limited amount of GPCRs, such as the CRF 2(a) R (14) .
The functional significance of GPCR dimerization was addressed by many studies, and it was shown to play a role for different functions such as receptor trafficking (15, 16) , ligand binding (17) (18) (19) , and G protein coupling and selectivity (20 -23) .
The vast majority of the studies addressed GPCR dimerization only at a qualitative level, i.e. it was analyzed whether or not dimers are formed. Only very recently, it was examined whether dimeric GPCRs are expressed exclusively as dimers or as a mixture of monomers and dimers. In these studies, it was shown by smTIRFM that the M1 muscarinic receptor (24) , the N-formyl peptide receptor (25) , and the ␤1and ␤2-adrenergic receptors (26) are expressed in the plasma membrane as such a mixture. Moreover, it was demonstrated that dimers can fall apart, i.e. that the interaction of the individual protomers is dynamic. The detected amount of dimers was different and ranged between 20% for the M1 muscarinic receptor (24) up to 60% for the ␤2-adrenergic receptor (26) .
However, several questions addressing the monomer/dimer (M/D) equilibrium of GPCRs remain unclear. Most importantly, although it is known that GPCRs may dimerize in intracellular compartments such as the ER, it is not clear whether the M/D is also formed in these compartments or whether it is only present at the plasma membrane. It is also unclear whether the M/D is a general feature of GPCRs and whether it may undergo changes during the receptor's life cycle. Studies addressing the M/D of GPCRs so far mainly used smTIRFM (24 -26) . Although this technique has many advantages such as the possibility of defining the exact dimeric/oligomeric state of GPCRs and the dynamic interactions of the protomers at a single molecule level, it also has one major drawback, the measurements are limited to the plasma membrane, and consequently, the M/D of GPCRs in intracellular compartments cannot be studied.
To measure the M/D also intracellularly, we used fluorescence cross-correlation spectroscopy (FCCS). This single molecule-based method was applied successfully to monitor GPCR dimerization (14, 27, 28) . As a model, we took a class B receptor, namely the CRF 1 R, which forms dimers (14, 29, 30) and is expressed mainly in the anterior pituitary where it plays a central role in the regulation of the hypothalamic-pituitary-adrenal stress axis in mammals (31) . As a control, we took the CRF 2(a) R, which forms exclusively monomers due to the presence of a unique domain at the N tail of the receptor, its pseudo signal peptide (14) .
In this study, we show that the CRF 1 R is expressed in a specific M/D at the plasma membrane that is established early during receptor biogenesis and is kept constant throughout the receptor's life cycle. In addition, we demonstrate for seven additional GPCRs that they are expressed in specific but substantially different M/Ds at the plasma membrane.
EXPERIMENTAL PROCEDURES
Materials-The vector plasmids pECFP-N1, pEGFP-N1, pEYFP-N1, pmCherry-N1, and the ER marker plasmid pCFP-ER were obtained from Clontech. The latter plasmid encodes an N-terminal fusion of the ER targeting sequence of calreticulin and a C-terminal fusion of the ER retention sequence (KDEL) to CFP. The pPal7 expression vector was from the Profinity eXact TM cloning and expression kits (Bio-Rad). The transfection reagent Lipofectamine TM 2000 was purchased from Invitrogen. The plasma membrane marker CellMaskTM Deep Red was from Molecular Probes (Darmstadt, Germany). Oligonucleotides were from Biotez (Berlin, Germany). Brefeldin A was purchased from Calbiochem. The polyclonal rabbit anti-GFP02 antibody (GFP/YFP antibody) was described (27) . The ligand sauvagine was synthesized in our laboratory as described previously (32). Pitstop 2 was described (33) and kindly provided by Volker Haucke (FMP, Berlin, Germany). All other reagents were from Sigma.
DNA Manipulations-Standard DNA manipulations were carried out according to the handbook of Sambrook and Russel (34) . The nucleotide sequences of the plasmid constructs were verified using the Sanger sequencing service from Source Bioscience (Berlin, Germany).
Receptor Constructs-Details of the cloning procedures are provided on request. The full-length rat CRF 1 R, rat CRF 2(a) R, human V 2 R, human ET B R, human TSHR, human LHR, and human PAR1 were fused C-terminally with GFP or mCherry, thereby deleting the stop codons. The vector plasmids were pEGFP-N1 and pmCherry-N1. The resulting GFP-tagged constructs were CRF 1 R.GFP, CRF 2(a) R.GFP, V 2 R.GFP, ET B R.GFP, TSHR.GFP, LHR.GFP, and PAR1.GFP; the corresponding mCherry-tagged constructs were CRF 1 R.mCherry, CRF 2(a) -R.mCherry, V 2 R.mCherry, ET B R.mCherry, TSHR.mCherry, LHR.mCherry, and PAR1.mCherry. The full-length CRF 1 R was also C-terminally tagged with CFP or YFP (vector plasmids pECFP-N1, pEYFP-N1) yielding constructs CRF 1 R.CFP and CRF 1 R.YFP respectively.
cAMP Accumulation Assay-Activation of CRF 1 R.GFP in transiently transfected HEK 293 cells was monitored by measuring sauvagine-mediated cAMP accumulation as described (cAMP-RIA) (35) . The cAMP determination was performed using two different sauvagine concentrations (0.5 and 5 nM) in the presence and absence of pitstop 2 (30 M, 20-min incubation prior to the addition of ligand).
Cell Lines, Cell Culture, and Transfection-Transiently transfected HEK 293 cells were used in this study. Cells were grown in DMEM containing 10% (v/v) fetal calf serum. Cells were cultured at 37°C and 5% CO 2 . For microscopic analysis, DMEM without phenol red was used. Transfection of the cells with Lipofectamine TM 2000 was carried out according to the supplier's recommendations 24 h after seeding the cells.
LSM, Localization of the CRF 1 R in the ER-Transiently transfected HEK 293 cells (3 ϫ 10 5 ) co-expressing CRF 1 R.mCherry and the ER marker ER-CFP were grown on 30-mm glass coverslips (pretreated with 100 g/ml poly-L-lysine) in 35-mm dishes. After 24 h of incubation, coverslips were transferred into a self-made chamber (details on request). Fluorescence signals were visualized in the absence and presence of brefeldin A (1 g/ml, 1 h at 37°C) using the laser scanning microscope (LSM) system LSM710-ConfoCor3 (Carl Zeiss Microscopy GmbH, Jena, Germany, 63ϫ/1.3 oil objective). The mCherry fluorescence signals were detected on one channel (diodepumped solid state laser, exc ϭ 561 nm, emission 565-640 nm bandpass filter) and the ER-CFP fluorescence signals on a second channel (argon laser, exc ϭ 458 nm, emission 460 -540 nm bandpass filter). The overlay of the signals was computed. Images were analyzed using the ZEN 2010 software (Carl Zeiss Microscopy GmbH, Jena, Germany).
LSM, Inhibition of Ligand-induced CRF 1 R Internalization Using Pitstop 2-Transiently transfected HEK 293 cells (3 ϫ 10 5 ) expressing CRF 1 R.GFP were grown on 30-mm glass coverslips (pretreated with 100 g/ml poly-L-lysine) in 35-mm dishes. After 24 h of incubation, coverslips were transferred into a self-made chamber (details on request). Cells were pretreated with 30 M pitstop 2 or DMSO as a control (dilution in DPBS) for 20 min. Thereafter, cells were stimulated with 100 nM sauvagine, and GFP signals were detected at room temperature using a LSM710-ConfoCor3 system (63ϫ/1.3 oil objective, argon laser exc ϭ 488 nm, emission 505 nm long pass filter). Time series were taken (5 images: 1 every 5 min) to analyze internalization of CRF 1 R.GFP in live cells.
FCCS Measurements-Principles of FCCS and its use with LSM systems have been described previously (36 -38) . Transiently transfected HEK 293 cells co-expressing the GFP and mCherry-tagged receptor constructs were grown as described above. FCCS measurements were performed at room temperature on an LSM710-ConfoCor3 system enabling FCCS measurements at the basal plasma membrane without reflections from the coverslip. Using this setup, recordings were less noisy due to the limited flexibility of the basal plasma membrane in comparison with the apical side. GFP and mCherry fluorescence signals were recorded using a 40ϫ/1.2 water objective (GFP: argon laser, exc ϭ 488 nm, 505-540 nm bandpass filter; mCherry: diode-pumped solid state laser, exc ϭ 561 nm, 580 nm long pass filter), a main beam splitter 488/561, and a dichroic mirror 565, respectively. Under these conditions, cross-talk between the GFP and mCherry signals contributed ϳ8%. Membranes were located by z-scans. Intensity fluctuations were recorded for 4 s and 25 repetitions. Average autocorrelation and cross-correlation curves were derived from the fluctuations using the LSM710 software ZEN 2010 (Carl Zeiss Microscopy GmbH, Jena Germany). For average calculations, only convergent curves were used. The auto-correlation function is defined as shown in Equation 1,
where ͗͘ indicates the average time-varying signal and the fluctuations around the mean intensity. Correlation curves were derived using a two-component model of free diffusion in two dimensions with triplet fraction and offset for membrane-associated proteins (Equation 2) using the ZEN 2010 software (39) .
A two-component model was used for the two-dimensional fits to obtain satisfactory fits. The first component was too fast to reflect membrane diffusion, and thus the diffusion time of the second component was considered to be significant (36) . The analytical function of the model is described by Equation 2,
where G ∞ is the offset from 1. N and T represent the total number of particles and the triplet fraction, respectively. D, 1 and D, 2 represent free diffusion times (the subscripts indicate the different molecule species). F is the triplet time; f and 1 Ϫ f are the fractions of species 1 and 2, and is the correlation time.
In the case of the FCCS measurements in the ER, analyses are complicated by the fact that the axis of the laser beam may be aligned parallel to the ER membrane. Here, a three-dimensional fit with two components gave the best results. The quality of the fits was not improved by additional components.
Cross-correlation (CC) values are given as G(0) x /G(0) min , where G(0) x is the cross-correlation amplitude, and G(0) min is the lower autocorrelation amplitude.
FRET Experiments-To demonstrate that CRF 1 R dimerization is specific, the FRET signal of CRF 1 R.CFP and CRF 1 R.YFP was recorded, and changes by co-expressed nonfluorescent CRF 1 R or V 2 R were measured. The experimental setup of the FRET experiments was described previously (14) .
smTIRFM Analyses-We used a custom-built TIRF system described previously (40) . The 488-nm laser line (Coherent Sapphire 488 LP, 150 milliwatt) was reflected into the high numerical aperture objective (Nikon, Apo 100ϫ/1.49) via a cus-tom TIRF illumination system (40) using a dichroic mirror (BrightLine 405/488/561/635, Semrock). The resulting average laser intensity at the specimen was 8 microwatts/m 2 . Emission was collected via a bandpass filter (BrightLine HC 525/45, Semrock) using an EMCCD camera (iXon-897E, 512 ϫ 512 pixels of 16 m size, Andor) at a 20-ms exposure and a gain of 120 -300. Microscope and camera were controlled by a PC work station running open source software for acquisition (Manager, University of California at San Francisco) (41) .
To analyze the derived data, we used the image analysis software GMimPro (42) , which enables a single molecule tracking procedure. We first analyzed the intensity of single immobilized fluorophores (YFP). To this end, a 30-mm poly-L-lysinecoated coverslip was transferred into a self-made chamber (details on request), and a polyclonal GFP/YFP antibody (1:500) was attached to the coverslip by incubation for 10 min at room temperature. After three washing steps with DPBS, a 3 nM solution of purified YFP was added to the coverslip and incubated at room temperature for 10 min to allow binding to the antibody. After three washing steps with DPBS, the intensity of the immobilized YFP fluorophores was detected using the setting described above. The mean intensity of different fluorescent spots was recorded for purified YFP, and single-step photobleaching was observed (data not shown). Thereafter, transiently transfected HEK 293 cells (3 ϫ 10 5 ) expressing CRF 1 R.YFP were grown on 30-mm glass coverslips (pretreated with 100 g/ml poly-L-lysine) in 35-mm dishes. After 24 h of incubation, coverslips were transferred into a self-made chamber (details on request). Single molecule detection at the basal plasma membrane was performed, and the intensities of different fluorescent spots were analyzed. Only cells with a low protein expression were chosen (clearly visible single moving spots, data not shown). Discrete bleaching steps for individual tracked fluorescent spots could be observed. Areas containing no fluorescently labeled construct were used for background correction. The relatively broad distribution of spot intensity detected in live cells is due to a combination of factors already described (24): (i) uneven illumination of the cell; (ii) variability of the contact distance between the plasma membrane and the glass coverslip; and (iii) appearance of shot noise or camera noise as well as temporal intensity variation.
Statistics-Analyses were performed using the Student's t test (GraphPad t test calculator, GraphPad Software, Inc., La Jolla, CA); p values Ͻ0.0001 were considered to be significant.
RESULTS

Selection, Cloning, Expression, and Subcellular Location of GPCR Fusion
Proteins-To analyze the M/D of various unrelated GPCRs, we took the following class A receptors as model proteins: the human V 2 R, human ET B R, human TSHR, human LHR, and the human PAR1. As class B receptors, we took the CRF 1 R and the CRF 2(a) R. All these receptors were described to form dimers (14, 17, 29, 30, (43) (44) (45) with the exception of the CRF 2(a) R, which is expressed exclusively as a monomer (14) . For FCCS, the full-length receptors were C-terminally fused to GFP or mCherry. It was shown previously that C-terminally fused GFP (or one of its derivatives) does not impair transport of these receptors to the plasma membrane (17, 46 -50) . An influ-ence of the mCherry tag, however, was not analyzed so far. Thus, we first studied expression of the mCherry-tagged receptors in the plasma membrane of transiently transfected HEK 293 cells. To this end, the receptor's mCherry signals were co-localized in live cells with the plasma membrane marker CellMask TM Deep Red by confocal LSM. For all analyzed receptors, a substantial co-localization of the mCherry signals and the CellMask TM Deep Red signals was observed, demonstrating that all constructs are readily expressed at the plasma membrane (data not shown).
Analyzed GPCRs Are Expressed in Specific but Substantially Different M/Ds at the Plasma Membrane-To analyze the M/Ds of the various GPCRs, we used FCCS. This method allows the detection of fluorescence signals in live cells at a single molecule level in both the plasma membrane and intracellular compartments. If two different diffusing fluorescent molecules are detected in a confocal volume, cross-correlation analyses with mathematical procedures can be performed (see under "Experimental Procedures"). A significant cross-correlation describes co-diffusion of the two fluorescent molecules and consequently their interaction. In contrast, a lack of cross-correlation in these experiments indicates independent diffusion and monomeric molecules. In this study, FCCS measurements were realized by recording intensity fluctuations of the GFP and mCherrytagged GPCRs in transiently co-transfected HEK 293 cells. To determine the exact M/D out of the auto-and cross-correlation values in our experiments, we defined the following criteria.
1) Ideally, the amount of GFP-and mCherry-tagged receptors in the cells should be equal, which is not necessarily the case upon co-transfection. Therefore, we preselected cells expressing the GFP-and mCherry-tagged receptors in equivalent amounts. As a control for a 50:50 ratio of expression, we used a GFP-mCherry tandem fusion construct that necessarily leads to equal amounts of GFP and mCherry signals. The settings derived from this construct were used to preselect cells expressing matching amounts of the GFP-and mCherry-tagged receptors ( Fig. 1A ) and were not changed during the whole set of experiments.
2) To assess for the experimental dynamic range of our FCCS measurements, we determined the CC values of exclusive monomeric and exclusive dimeric molecules. The GFP-mCherry tandem construct (see above) defines an exclusive dimeric molecule. The maximal detectable CC value derived out of the auto-and cross-correlation curves of this construct ( Fig. 1B, right panel) was 57% (Fig. 1C, gray square) . Unfused co-transfected separate GFP and mCherry proteins were used to measure exclusive monomeric molecules. Here, the CC value was 8% ( Fig. 1, B , left panel, and C, black square) reflecting the cross-talk of GFP into the mCherry channel. Fitting parameters and CC values of the vector constructs are given in Table 1 .
To verify the linear relation between minimal and maximal detectable CC values of monomeric and dimeric molecules, we used co-transfection of the GFP-mCherry tandem fusion (green-red pair) and the monomeric photoconvertible protein Kikume Green-Red (mKikGR). In the case of the GFP-mCherry tandem fusion, the same intensities are obtained in the green and red channel. The co-transfected mKikGR protein adds an additional fluorescence in the green channel, which can be gradually modified (reduced) by partial photoconversion using 405 nm irradiation (laser diode). Taking the known fluorescence quantum yields into account, the ratio of monomeric (green mKikGR) to dimeric (GFP-mCherry tandem fusion) molecules can be calculated. This methodology consequently allows the calculation of CC values in the case of defined changes of the M/D. Using this approach, the linear relation between minimal and maximal detectable CC values of monomeric and dimeric molecules could be confirmed (Fig. 1C, gray  dots) . The linear regression is given as shown in Equation 3 ,
Taking these calculations into account, the dynamic range of the CC values for the GFP-and mCherry-tagged receptor constructs (see above) can be rescaled.
3) We assumed a statistical distribution of interactions of the individual receptor molecules (Fig. 1D ). In our measurements, however, GFP-tagged receptor dimers cannot be distinguished from monomeric receptors carrying GFP moieties. Thus, the rescaled CC values (see above) need further correction. The total number of detected green molecules (N) can be expressed as shown in Equation 4 ,
where GR is the number of receptor dimers containing GFP and mCherry (GFP.mCherry and mCherry.GFP); GG is the number of dimers carrying solely GFP (GFP.GFP); and G is the monomeric GFP-tagged receptors. For the number of receptor dimers containing GFP and mCherry, Equation 5 applies,
Because GFP.GFP receptor dimers are detected as monomers, GG can be expressed as GR/2 and consequently GR as shown in Equation 6 ,
The number of GFP-tagged receptor monomers is then given by Equation 8 , 4) As a single molecule technique, FCCS measurements require a very low expression of the analyzed proteins. The obvious advantage is that this expression rate resembles the situation of endogenous receptor expression. Under the settings described above, the count rates for all detected constructs were in the range of 50 -200 kHz. 5) We preclude the possibility that the observed CC amplitudes at the plasma membrane are compromised by receptors that only co-diffuse within the same microdomain. Such a codiffusion would lead to a strong increase in diffusion time, which was not observed in our experiments. The detected diffusion times were consistent with the literature (30) , and the cross-correlation amplitudes derived from the FCCS experiments thus only reflect receptor interactions. In the case of the FCCS measurements at the ER membrane, however, we observed in some experiments an increase in diffusion time to a FIGURE 1. Prerequisites to determine the M/D of the analyzed GPCRs out of FCCS data in transiently transfected HEK 293 cells. A, ratio of the fluorescence intensities of the co-transfected GFP and mCherry-tagged GPCRs. Only cells with equal GFP and mCherry fluorescence intensities (as shown in the diagram) were selected for the FCCS measurements. The settings for the intensity detection were defined using a GFP-mCherry tandem fusion construct (see below). Columns represent mean values (Ϯ S.E.) of the ratio of the GFP and mCherry signals. n.s., not significant. B, representative auto-and cross-correlation data points and fitted curves of co-transfected separate GFP and mCherry proteins (left panel, GFP ϩ mCherry) and a GFP-mCherry tandem fusion protein (right panel, GFP-mCherry). Auto-correlation data are depicted in red (mCherry) and green (GFP), CC data, are shown in black. Below the diagrams, the residuals of the relevant fittings are depicted (3D_1C, i.e. three dimensions, one component; autocorrelation data: GFP ϭ green and mCherry ϭ red). C, minimum CC value (GFP ϩ mCherry, black square, monomers) and the maximum CC value (GFP-mCherry, gray square, dimers) are shown. To confirm a linear relation (black line), a transient co-transfection of the GFP-mCherry tandem fusion (dimer) and the photoconvertible protein mKikGR (monomer) was performed in HEK 293 cells. The fluorescence of mKikGR was stepwise photoconverted from green to red thereby reducing gradually the amount of detected monomers. CC values of GFP-mCherry in the presence of the green mKikGR signals (in different amounts) were determined. Using this approach, CC values for known ratios of monomers and GFP-mCherry pairs could be determined and fitted by linear regression. The diagram allows rescaling of the CC values obtained for the GFP and mCherry-tagged GPCRs. D, assumed statistical distribution of the interactions of GFP and mCherry (mCh)-tagged GPCRs. certain extent. Those curves were excluded from our analyses, because we were only interested in the mobile portion of the GPCRs studied. Moreover, we preclude the possibility that the detected interaction signals are affected by endogenous receptors because the GPCRs used in this study are not expressed in HEK 293 cells in significant amounts (51) .
Taking the criteria outlined above into account, we performed FCCS using transiently transfected HEK 293 cells expressing the GFP-and mCherry-tagged GPCRs. Representative auto-and cross-correlation curves of individual GPCRs are shown in Fig. 2 , and CC values and diffusion parameters are given in Table 2 . No CC amplitudes were observed for the CRF 2(a) R, confirming our previous results that this receptor is expressed exclusively as a monomer (14) . In contrast, for all the other analyzed GPCRs, significant CC amplitudes were detected indicating their dimerization. We then rescaled the raw CC values (according to the criteria 2 and 3) and obtained the actual M/Ds for the analyzed GPCRs (Fig. 3) . These data demonstrate that the analyzed GPCRs are expressed in specific but substantially different M/Ds in the FIGURE 2. FCCS measurements using transiently co-transfected HEK 293 cells expressing the GFP and mCherry-tagged receptor constructs. The laser beam was focused at the plasma membrane. Representative auto-and cross-correlation data points and fitted curves for the analyzed receptor constructs are shown. Auto-correlation data are depicted in red (mCherry) and green (GFP), and CC data are shown in black. Curves were obtained by two-dimensional fits with two components (2D_2C), which gave the best results. Below each diagram, the residuals of this fitting are shown (autocorrelation data: GFP ϭ green and mCherry ϭ red). In addition, the residuals of suboptimal fits with two dimensions and one component (2D_1C) are depicted to demonstrate the necessity of 2D_2C fits.
TABLE 1 FCCS fitting parameters (؎ S.E.) for unfused, co-expressed GFP and mCherry (GFP ؉ mCherry), and the GFP-mCherry tandem fusion protein (GFP-mCherry) in live transiently transfected HEK 293 cells
Triplet fraction (T F (%)), triplet decay time ( D,F (s)), decay time ( D (s)), and minimum (GFP ϩ mCherry) and maximum (GFP-mCherry) CC values (G(0) x /G(0) min ) are listed. FCS curves were fitted assuming free diffusion in three dimensions and one component (3D_1C). plasma membrane of live cells. Most importantly, all analyzed receptors are expressed predominantly as monomers. The amount of dimers ranged from 7% for the TSHR up to 22% for the CRF 1 R.
Vector constructs T F D,F
CRF 1 R Does Not Form Higher Order Oligomers in the Plasma Membrane of Live Cells-
To assess for the subcellular compartment in which the specific M/D of a GPCR is established and to analyze potential changes of this equilibrium during the receptor's life cycle, we took the CRF 1 R as an example. Whereas FCCS can be performed in intracellular compartments, it does not give detailed information about the oligomeric state of the receptor, i.e. whether the receptor is expressed as a dimer or as a higher order oligomer. To investigate the dimeric state of the CRF 1 R in detail and to validate the FCCS-derived data above, we performed smTIRFM for the YFP-tagged CRF 1 R (construct CRF 1 R.YFP) at the plasma membrane. We used a custom-built smTIRF microscope possessing a high numerical aperture objective lens, a laser power of 8 microwatts/m 2 , and a frame rate of 20 ms (enabled by an EMCCD camera; see under "Experimental Procedures").
Prior to the smTIRFM experiments using CRF 1 R.YFP, we determined the intensity of single purified YFP molecules immobilized on a coverslip by a poly-L-lysine-attached GFP/ YFP antibody. A Gaussian distribution for the YFP intensities of all detected objects (fluorescent spots) was obtained (Fig. 4A,  left panel) . Fitting of this distribution gave a mean intensity value of 25 Ϯ 6 a.u. for monomeric YFP. Using the above setup, we then performed single particle tracking of CRF 1 R.YFP in transiently transfected HEK 293 cells. The best fitting of the CRF 1 R.YFP intensities was obtained by a two-component Gaussian function (Fig. 4A, right panel) . The first maximum represents the monomeric (25 Ϯ 6 a.u.) and the second the dimeric (50 Ϯ 11 a.u.) CRF 1 R.YFP molecules. No additional maxima representing higher order oligomers were detected. The single molecule intensity traces sometimes showed a stepwise decrease that either results from single YFP bleaching or dissociation of a dimer into monomers (Fig. 4B) . The smTIRFM data demonstrate that the CRF 1 R forms dimers in the plasma membrane but no higher order oligomers. Moreover, the amount of dimers detected in the FCCS measurements (22%) is in good agreement with that determined by smTIRFM (29%).
Dimerization of the CRF 1 R Is Specific-To validate our FCCS data, we also determined whether CRF 1 R dimerization is specific in transiently transfected HEK 293 cells using FRET experiments. To this end, the FRET signal of co-transfected CRF 1 R.CFP and CRF 1 R.YFP was recorded, and changes by coexpressed nonfluorescent CRF 1 R (positive control) or V 2 R (negative control) were measured (Fig. 5 ). Whereas the presence of the untagged CRF 1 R clearly reduced the FRET signal of CRF 1 R.CFP ϩ CRF 1 R.YFP (E T , from 20.5 to 10.9%), no changes were observed in the presence of the untagged V 2 R. These results demonstrate that CRF 1 R dimerization is specific.
The M/D of the CRF 1 R Is Established in the ER-To analyze the M/D of the CRF 1 R in the ER, we treated transiently trans- 
E.) for the GFP-and mCherry-tagged GPCRs in the plasma membrane of transiently transfected HEK 293 cells
Decay times ( D, 1 (ms); D, 2 (ms); fractions ( D, 1 (%); D, 2 (%)), and CC values (G(0) x /G(0) min ) are listed. The best fits were obtained assuming free diffusion in two dimensions and two components (2D_2C). Triplet fractions (T F (%)) ranged from 20 to 50% and triplet decay times ( D,F (s)) from 20 to 200 s. fected HEK 293 cells with the drug brefeldin A (1 g/ml) to trap the receptors in this compartment. Under these conditions, a substantial increase in co-localization of the CRF 1 R.mCherry fluorescence signals and those of the ER marker ER-CFP was observed verifying the ER exit block (Fig. 6A ). Next, FCCS was carried out using transiently transfected HEK 293 cells expressing CRF 1 R.GFP and CRF 1 R.mCherry. The laser beam was focused on the area of the rough ER immediately surrounding the nucleus (Fig. 6B, arrow) . Auto-and cross-correlation curves were derived (Fig. 6C) , and the CC values were rescaled and corrected as described above. The CC values obtained at the plasma membrane (Table 2 ) and the ER (Table 3) were not significantly different (17.2 Ϯ 0.5% and 17.8 Ϯ 0.7%, respec-tively). These data demonstrate that the M/D of the CRF 1 R is established already in the ER, i.e. early after receptor biosynthesis and folding. The presence of the same M/D in the ER and the plasma membrane suggests that the equilibrium also remains constant in the vesicular transport steps to the cell surface, although this question was not addressed directly.
To address the possibility that the constant M/D of the CRF 1 R at the plasma membrane and in the ER occurs at random, similar FCCS measurements were carried out using ET B R.GFP and ET B R.mCherry. The CC values obtained at the plasma membrane (Table 2 ) and in the ER (Table 3) were also not substantially different in the case of this receptor (14.0 Ϯ 0.6% and 14.6 Ϯ 0.7%, respectively). These results suggest that a constant M/D in the ER and at the plasma membrane may be a more general feature of GPCRs.
Receptor Activation Does Not Influence the M/D of the CRF 1 R-We next addressed the question whether the M/D of the CRF 1 R is changed upon ligand-induced receptor activation.
However, these experiments are complicated by the fact that the CRF 1 R internalizes rapidly after its activation by a clathrindependent mechanism (52). To overcome this problem and to trap the activated receptors at the plasma membrane, we used the recently described substance pitstop 2, which inhibits the clathrin terminal domain and consequently blocks selectively clathrin-mediated endocytosis (33) . A prerequisite for the use FIGURE 5 . FRET experiments analyzing CRF 1 R dimerization specificity in transiently transfected HEK 293 cells. A, FRET spectra (Ϯ S.D.) were recorded for cells expressing CRF 1 R.CFP alone (black, n ϭ 73) or the CRF 1 R.YFP/CRF 1 R.CFP FRET pair (red, n ϭ 120). In addition, cells expressing CRF 1 R.YFP/CRF 1 R.CFP were co-transfected with the untagged CRF 1 R (green, n ϭ 95) or V 2 R (blue, n ϭ 140). B, energy transfer efficiencies (E T % Ϯ S.D.) calculated out of A. E T values were derived as described previously (14) . n.s., not significant; ***, highly significant. Right panel, split green and red channels of the same cell. Scale bar, 10 m. C, FCCS measurements in the ER using co-transfected cells expressing CRF 1 R.mCherry and CRF 1 R.GFP. The laser was focused at the ER membrane. Representative auto-and cross-correlation data points and fitted curves are shown. Autocorrelation data of the fluorophores are depicted in red (mCherry) and green (GFP), and CC data are shown in black. Below the diagram, the residuals of the relevant fitting is shown (3D_2C; i.e. three dimensions, two components; autocorrelation data: GFP ϭ green, mCherry ϭ red).
TABLE 3 FCCS fitting parameters (؎ S.E.) for the GFP-and mCherry-tagged CRF 1 R and ET B R in the ER membrane of transiently transfected HEK 293 cells
Decay times ( D, 1 (ms); D, 2 (ms); fractions ( D, 1 (%); D, 2 (%)), and CC values (G(0) x /G(0) min ) are listed. The best fits were obtained assuming free diffusion in three dimensions and two components (3D_2C). Triplet fractions (T F (%)) ranged from 20 to 50% and triplet decay times ( D,F (s)) from 20 to 200 s. of pitstop 2 in these kinds of experiments is, however, that receptor activation is affected neither by the impaired internalization of the receptors nor by the substance itself. Pitstop 2 treatment (30 M) indeed blocked sauvagine-induced (100 nM) internalization of CRF 1 R.GFP in transiently transfected HEK 293 cells (Fig. 7A ). We next measured the influence of pitstop 2 (30 M) on sauvagine-induced (0.5 nM or 5 nM) cAMP formation by CRF 1 R.GFP in transiently transfected HEK 293 cells using a cAMP RIA (Fig. 7B) . No influence of the substance on second messenger formation could be detected in this experiment demonstrating that pitstop 2 can be used to trap activated receptors at the plasma membrane. Thereafter, FCCS was carried out at the plasma membrane of transiently transfected HEK 293 cells expressing CRF 1 R.GFP and CRF 1 R.mCherry as described above. To get reliable results, measurements were carried out using the same cell as follows: (i) without pitstop 2 treatment, (ii) after addition of pitstop 2, and (iii) after addition of the agonist sauvagine. We could not detect any significant change in mean CC values indicating no difference in the M/D of nonactivated and activated CRF 1 Rs (Table 4 ). Taken together, our results show that the M/D of the CRF 1 R remains constant not only following early receptor biogenesis in the ER but also following receptor activation.
DISCUSSION
We show in this study for five class A GPCRs and for one class B GPCR, namely the CRF 1 R, that they are expressed in different but specific M/Ds at the plasma membrane. Expression in such an equilibrium thus seems to be a more general feature of dimeric GPCRs. This raises several questions which should be discussed as follows.
1) We have shown here that the M/D of the CRF 1 R is already established in the early secretory pathway, namely the ER. Although it seems to be clear that dimerization of GPCRs and other membrane proteins may take place in this compartment (9, 10) , the finding that the M/D of the CRF 1 R does not differ between the ER and the plasma membrane is nevertheless surprising at first sight. Folding is facilitated by molecular chaper- 
TABLE 4 FCCS fitting parameters (؎ S.E.) of the GFP-and mCherry-tagged CRF 1 R in the plasma membrane of transiently transfected HEK 293 cells without and with pitstop2 (30 M) and sauvagine (5 nM) treatment
Decay times ( D, 1 (ms); D, 2 (ms); fractions ( D, 1 (%); D, 2 (%)), and CC values (G(0) x /G(0) min ) are listed for untreated, pitstop 2-treated, and sauvagine (Sauv.)-treated cells. Best fits were obtained assuming free diffusion in two dimensions and two components (2D_2C). Triplet fractions (T F (%)) ranged from 20 to 50% and triplet decay times ( D,F (s)) from 20 to 200 s. ones. In case of the frequently N-glycosylated GPCRs, the lectin chaperones calnexin/calreticulin play an important role, and this was also demonstrated for the CRF 1 R (46) . It is conceivable that chaperone-assisted folding engages initially monomeric rather than dimeric GPCRs, and thus a higher M/D may be expected in the ER. However, the CRF 1 R may fold very quickly thereby complicating the detection of these changes. Consistent with this view, only a very limited amount of high mannose, immature forms of the CRF 1 R was detected in previous immunoprecipitation studies (46) . Thus, GPCRs with a slower folding dynamic should be considered in future studies, too. However, the fact that the M/D of the ET B R at the plasma membrane and in the ER was also not substantially different suggests that a constant M/D may also be a more general feature of GPCRs.
GPCRs
2) The observed amount of dimers in the equilibrium is surprisingly low, ranging here from 7% (TSHR) to 22% (CRF 1 R). An influence of the methodology on these values is unlikely because, at least in the case of the CRF 1 R, similar values were obtained by both FCCS and smTIRFM measurements. Our results are also in good agreement with those published for the M1 muscarinic receptor (24) and ␤1-adrenergic receptor (26) using smTIRFM. Both FCCS and smTIRFM analyses are single molecule techniques, and cells with low receptor expression were chosen for the experiments. Although this may converge to endogenous receptor expression, an influence of the receptor expression levels to the M/D must be taken into account. Assuming free two-dimensional diffusion and unhampered interactions, two-dimensional K D values can be calculated out of the receptor densities and the M/D values according to the law of mass order (Table 5 ) (25) . It should be stressed, however, that diffusion and interactions may be hindered due to the presence of unknown protein factors/scaffolds, for example. The influence of protomer concentration must thus be addressed more rigorously in future studies by using expression titration analyses prior to the FCCS measurements, for example. Such experiments should at least provide an indication of whether a simple model of free diffusion/interaction applies or whether, for example, scaffolds are involved.
3) Our result that the M/D of the CRF 1 R remains constant upon receptor activation is consistent with previous suggestions for this receptor using FRET experiments (29, 30) . This result may be specific for the CRF 1 R. However, the recently published smTIRFM studies for the N-formyl peptide receptor (25) and the ␤1and ␤2-adrenergic receptors (26) also showed that the M/Ds of these receptors are unaffected by receptor activation. A constant M/D may thus be a more general feature of GPCRs. It should be addressed whether this holds true, in particular by using GPCRs for which older studies using FRET suggested an influence of ligand binding on the dimeric state. 4) Another point is whether the presence of a specific M/D has any functional significance. In the case of the CRF 1 R, it is known that the dimeric state influences G protein selectivity. The dimeric CRF 1 R couples to G s and at higher occupancy also to G i , leading to a biphasic, bell-shaped concentration/response curve for the second messenger cAMP. CRF 1 R monomers, in contrast, couple exclusively to Gs (14, 47) . It may thus be speculated that the specific M/D is involved in the fine-tuning of the signal transduction of this receptor. In the case of the CRF 1 R, the relatively high amount of dimers may prevent via G i coupling an overshoot in the cAMP response at high occupancy.
So far, mainly the equilibrium of monomers and homodimers was studied in detail. However, many GPCRs are known to form heterodimers, too (10 -12) . In this case, the situation is more complex, because it is conceivable that monomers, homodimers, and heterodimers are expressed as a mixture. The ratio of homo-and heterodimers is not known, and it would be of particular interest to analyze this relation. In case of the CRF 1 R, for example, the individual receptor subpopulations resulting from the described heterodimerization with the vasopressin-1b-receptor (53) could be quantified.
TABLE 5 Receptor densities and calculated two-dimensional K D values for the association of the listed GPCRs in the plasma membrane of transiently transfected HEK 293 cells
Calculation of the two-dimensional K D values was performed as described in Ref. 25 . 
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